While unesterified cholesterol (C) is essential for remodeling neuronal plasma membranes, its role in certain neurodegenerative disorders remains poorly defined. Uptake of sterol from pericellular fluid requires processing that involves two lysosomal proteins, lysosomal acid lipase, which hydrolyzes C esters, and NPC1 (Niemann-Pick type C1). In systemic tissues, inactivation of either protein led to sterol accumulation and cell death, but in the brain, inactivation of only NPC1 caused C sequestration and neurodegeneration. When injected into the CNS of the npc1 Ϫ/Ϫ mouse, 2-hydroxypropyl-␤-cyclodextrin (HP-␤-CD), a compound known to prevent this C accumulation, diffused throughout the brain and was excreted with a t 1 ⁄2 of 6.5 h. This agent caused suppression of C synthesis, elevation of C esters, suppression of sterol regulatory-binding protein 2 (SREBP2) target genes, and activation of liver X receptor-controlled genes. These findings indicated that HP-␤-CD promoted movement of the sequestered C from lysosomes to the metabolically active pool of C in the cytosolic compartment of cells in the CNS. The ED 50 for this agent in the brain was ϳ0.5 mg/kg, and the therapeutic effect lasted Ͼ7 d.
Introduction
Unesterified cholesterol (C) is an essential component of plasma membranes. Importantly, these molecules are "turned over" daily at rates varying, in the mouse, from 8% per day in cells of systemic organs to an estimated Ͼ20% per day in neurons of the CNS (Dietschy and Turley, 2004) . Given these high rates of turnover, all cells must have constant supplies of new C to replace those molecules lost to the pericellular fluid. As illustrated in Figure 1 , however, the sources of this C are different for cells of systemic organs (Fig. 1 A) and neurons within the mature CNS (Fig. 1 B) . Systemic tissues have both high rates of synthesis (Fig. 1 Ae) and access to C and cholesteryl ester (CE) carried in the plasma lipoproteins, low-density lipoprotein (LDL), chylomicrons, and very-low-density lipoproteins (Dietschy et al., 1993) . After processing through the late endosomal/lysosomal (E/L) compartment, the C generated from these lipoproteins (Fig. 1 Ad) joins newly synthesized sterol (e) in a metabolically active pool in the cytosolic compartment that supports continuous turnover of C in the plasma membrane ( g ). In contrast, while neurons have high rates of C turnover, they have no access to C or CE from plasma lipoproteins (Cavender et al., 1995; Quan et al., 2003) , and have low rates of synthesis (Nieweg et al., 2009 ). Several in vitro observations provide a possible explanation for this conundrum. Axon growth in neurons requires an extracellular source of sterol, likely C bound to apolipoprotein E (Posse De Chaves et al., 2000; Hayashi et al., 2004) . Furthermore, synaptogenesis in vitro also requires an outside source of C and, again, this is a glial-derived apoE-C complex (Mauch et al., 2001) .
Such observations led to the model illustrated in Figure 1 B, where it is postulated that the rate of sterol synthesis in neurons ( Fig. 1 Bj) is insufficient to promote axon growth and synapse formation. Rather, C and apoE are both synthesized in astrocytes, and this complex is delivered to neurons through the interstitial fluid, taken up by receptor-mediated endocytosis, and processed through the late E/L compartment. Importantly, secretion of the apoE-C complex from astrocytes is not dependent on the lysosomal protein, NPC1 (Karten et al., 2005) , while movement of this C through the late E/L compartment of neurons is dependent on the function of this protein (Karten et al., 2002) . Whether this model is applicable to the brain in vivo, and whether disordered processing of C through this pathway might lead to some forms of neurodegeneration such as that seen in Niemann-Pick type C (NPC) disease, continues to be debated Pfrieger, 2003) . The current studies were undertaken to explore these unresolved issues. The first experiment examines whether cells of the brain take up C and/or CE, and whether C sequestration in neurons is associated with neurodegeneration. The second study examines whether agents like 2-hydroxypropyl-␤-cyclodextrin (HP-␤-CD), which prevent C sequestration in systemic cells in NPC disease, also act in the CNS. Finally, the third set of investigations explores whether the continuous administration of HP-␤-CD into the brain prevents the neurodegeneration expected in this disorder.
Materials and Methods

Animals and diets. Control (npc1
ϩ/ϩ and lal ϩ/ϩ
) and homozygous (npc1
and lal
Ϫ/Ϫ
) mutant mice were generated from heterozygous breeding stock on a pure BALB/c (npc1) or FVB/N (lal ) background Du et al., 2008) . Pups were weaned and genotyped at 19 -21 d of age. The details of animal housing and diets have been described previously . All mice were weaned to a basal low-cholesterol rodent diet (7001, Harlan Teklad). There were comparable numbers of males and females in each group. All experimental protocols were approved by the Institutional Animal Care and Use Committee of The University of Texas Southwestern Medical School.
Cyclodextrin administration. The dose and route of administration of cyclodextrin, as well as the period of treatment, varied with the design of each experiment. Mice were treated with HP-␤-CD by systemic administration (subcutaneous injection at the scruff of the neck), or by CNS administration (intracerebroventricular injections into the left ventricle). For systemic administration, HP-␤-CD was provided as a 20% (w/v) solution in isotonic saline, while saline alone served as the control in matched mice. For CNS administration, HP-␤-CD was provided as either a 17.4% or a 35% (w/v) solution in artificial CSF (aCSF). The aCSF contained the following (in mM): 128 NaC1, 2.5 KC1, 0.95 CaC1 2 , 1.9 MgC1 2 , and served as the control. For one series of studies, mice received a single, acute intracerebroventricular injection of HP-␤-CD or aCSF; in another study, 21-d-old mice were implanted with osmotic minipumps (Alzet 1004), to deliver HP-␤-CD or aCSF to the left lateral ventricle (3 mm deep to the pial surface, 0.3 mm anteroposterior to bregma, and 1.3 mm lateral to midline) (Pieper et al., 2005) at an infusion rate of 0.11 l/h for 28 d. The route, dose, number of injections, and period of treatment varied among experiments, and full details are provided in each figure legend. All doses of HP-␤-CD given either systemically or intracerebroventricularly are presented as milligrams/kilogram of animal body weight.
Cyclodextrin pharmacokinetics. Whole-body and brain HP-␤-CD clearance was measured in 49-d-old npc1 ϩ/ϩ and npc1 Ϫ/Ϫ mice using 14 C-labeled HP-␤-CD as described previously . The stock [
14 C]HP-␤-CD solution contained 1.0 mCi in 1.0 ml of water. For whole-body clearance, aliquots of the stock solution were added to a 20% (w/v) solution of nonradiolabeled HP-␤-CD, giving ϳ10,000 cpm/l. The mice were given a subcutaneous injection of the [ 14 C]HP-␤-CD solution (4000 mg/kg) at the scruff of the neck, and then studied at various time points. The total body counts recovered from animals terminated at each time point were normalized to body weight, and then expressed as a percentage of the normalized counts that were present in the tissues of the "zero time" control animals. These data were taken as a measure of the "whole-animal" turnover rate of systemic HP-␤-CD. In a similar fashion, the turnover rate of HP-␤-CD specifically in the brain was measured. Aliquots of the stock solution of [
14 C]HP-␤-CD were added to a 40% (w/v) solution of nonradiolabeled HP-␤-CD, giving ϳ1.19 Ci/l. The animals were administered 2 l via an intracerebroventricular injection. The needle was left in place for 20 min to minimize any loss of the injected solution. The mice were studied at different time intervals, with the ones terminated at the end of the injection serving as "zero time" controls. Following anesthesia and exsanguination, the skin was removed and the head with the spine was dissected as a whole unit to avoid any leakage of CSF. The head , and very-low-density lipoproteins (VLDLr). These particles are taken up into cells by receptor-mediated and bulk-phase endocytosis, and delivered into the late E/L compartment of cells where the CE is metabolized to C by LAL (a). This C then interacts sequentially with NPC2 (b) and NPC1 (c) before reaching the limiting membrane and exiting the E/L compartment (d) to join newly synthesized C (e) in a metabolically active pool in the cytoplasmic compartment. The size of this pool is closely regulated by the sterol-sensing transcript factors, SREBP2 and LXR (i), and, depending on the cell type, this C may be re-esterified (f ), used for turnover and remodeling of the plasma membrane (g), or hydroxylated to an oxysterol (h) and, in the liver, to bile acid (BA). The magnitude of sterol flow through each systemic organ is determined, in part, by the ability of the various lipoprotein fractions to penetrate the endothelial barrier, described by the reflection coefficient, Ѩ, separating the blood from the pericellular fluid. B, The situation in the CNS is quite different, however, since the endothelial barrier is impermeable to plasma lipoproteins. In this compartment it is postulated that C is synthesized by glia, particularly by astrocytes, and carried as a complex with apoE to neurons. Uptake of this C presumably bypasses the need for LAL so that the sterol interacts directly with NPC2 and NPC1 to move into the metabolically active pool. There it may also be re-esterified (k), used for membrane remodeling and formation/maintenance of dendrites and synapses (l ), or metabolized to the oxysterol, 24(S)-hydroxycholesterol (m), for excretion. It should be noted that in both systemic cells and neurons, sudden expansion of the metabolically active pool of C in the cytosolic compartment is associated with suppression of cholesterol synthesis, an increase in the CE concentration, suppression of various SREBP2 target genes, and activation of some genes controlled by LXR. In the young adult mouse, the flow of C through all systemic cells is ϳ140 (Dietschy and Turley, 2004) .
and spine were saponified in 1N NaOH and vigorously stirred over 30 h. The digested tissue was then transferred into a 100 ml flask and brought to volume with 1N NaOH. Duplicate 0.5 ml aliquots were transferred into glass counting vials and neutralized with 0.5 ml of 1N HCl, following which 15 ml of Ecolite (ICN Biomedicals) was added. These data were used to calculate the proportion of the administered dose of [ 14 C]HP-␤-CD cleared from the CNS over each respective time interval.
Tissue cholesterol concentrations, rates of cholesterol and fatty acid synthesis, plasma cholesterol levels, liver function tests, and lifespan measurement. The methods used for measuring either tissue concentrations of total or of esterified and unesterified cholesterol have been described previously (Beltroy et al., 2007) . The rates of cholesterol and fatty acid synthesis were measured in vivo using [ 3 H]water as previously described , except that the amount of [ 3 H]water given in the acute brain injection studies was increased from the customary 2 mCi to 5 mCi/g body weight. This was done to raise the specific activity of the CSF water to a level that would permit readily measurable rates of incorporation of the labeled water into sterols in the various regions of the brain. To obtain rates of cholesterol synthesis in the whole brain, the rate in each region (nmol ⅐ h Ϫ1 ⅐ g
Ϫ1
) was multiplied by the region weight and summed. Plasma cholesterol levels and the activities of aspartate aminotransferase and alanine aminotransferase were determined as described previously (Beltroy et al., 2007) . Lifespan was measured as detailed previously . animals, whole-body weights (A) and total cholesterol pools (C), along with plasma total cholesterol concentrations (B), were assessed, as were the various liver function tests, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (AP) (D-F ). G-L, Relative liver (G) and brain (H ) weights were determined, and whole-organ total cholesterol contents (I, J ) and synthesis rates (K, L) were measured. M-R, Inflammation in these two organs was assessed by measuring mRNA expression for the markers CD68 (M, N ), CD11c (O, P), and TNF␣ (Q, R). These mRNA values are all expressed relative to the values found in the control lal ϩ/ϩ and npc1 ϩ/ϩ mice. Each column shows the mean Ϯ 1 SEM (n ϭ 6 animals in each group). Significant differences ( p Ͻ 0.05) among the groups are indicated by different letters. Gene expression. Under deep anesthesia, mice were exsanguinated, and the brain and liver were removed and frozen in liquid nitrogen before RNA isolation. The mRNA levels for a constellation of genes were measured by quantitative real-time PCR using SYBR Green chemistry and an Applied Biosciences 7900HT instrument (Kurrasch et al., 2004) . mRNA levels were determined for brain and liver tissues from individual animals and are expressed relative to the invariate housekeeping gene, cyclophilin. Primer sequences are available upon request (J.J.R.) (Repa et al., 2007) .
Brain histology and immunohistochemistry. Brains were immersionfixed in 10% (v/v) buffered formalin. The details of the methods for preparation of various brain regions for histology and the counting of Purkinje cells on H&E sections, as well as the immunostaining techniques used have been given previously (Repa et al., 2007) .
Data analysis. All data are presented as a mean Ϯ 1 SEM. Differences between means of groups were tested for significance ( p Ͻ 0.05) using one-way ANOVA, followed by the Newman-Keuls multiple-comparisons test (GraphPad Software). Significant differences between groups are designated by different letters. To establish the ED 50 values, individual data points were fitted to sigmoid curves and analyzed using the log 10 inhibitor versus response equation to determine the concentration that provokes a response equal to 50%.
Results
C and CE uptake by systemic and CNS cells
The first set of experiments tested the hypothesis that while cells of systemic organs take up lipoproteins containing both C and CE for processing through the late E/L compartment, cells of the CNS should have access only to C, presumably carried on apoE, as suggested in Figure 1 B. To explore this issue, mutant animals were used that lacked either lysosomal acid lipase (LAL) or NPC1 activity on the assumption that systemic tissues like the liver would manifest sterol sequestration and cell death when the function of either protein was deleted, while nerve cells in the CNS would manifest such sequestration only when NPC1 function was deleted. The findings in liver, a systemic tissue, were contrasted with those in brain throughout these experiments. In these 49-d-old animals, there were no differences in body weight ( Fig. 2 A) or plasma total cholesterol concentration (Fig. 2 B) in the lal Ϫ/Ϫ mice, while the npc1 Ϫ/Ϫ animals did weigh less and had hypercholesterolemia when compared with controls. Nevertheless, both groups had markedly expanded whole-animal total cholesterol pools, i.e., the milligrams of cholesterol per kilogram of body weight (Fig. 2C) , and both manifested significant liver damage as indicated by elevated liver function tests (Fig. 2 D-F ) .
Importantly, both the lal Ϫ/Ϫ and npc1 Ϫ/Ϫ mice had significant hepatomegaly ( Fig. 2G ), while relative brain weight was unchanged (Fig. 2 H) . The pool of sequestered cholesterol in the liver of the lal Ϫ/Ϫ mice was elevated 42-fold, 92% of which was CE, and was increased 11-fold in the npc1 Ϫ/Ϫ mice, all of which was C (Fig. 2 I) . In contrast, the pool of cholesterol was unchanged in the brain of the animals lacking LAL function, but was reduced slightly in the npc1 Ϫ/Ϫ mice (Fig. 2 J) . This latter finding has been reported previously, and was attributed to the neurodegeneration and partial demyelination seen in these 49-d-old animals (German et al., 2001; Li et al., 2005) . Importantly, the rate of C synthesis, which reflects the magnitude of the defect in the transfer of sterol from the late E/L compartment to the cytosol, was markedly elevated in the liver (Fig. 2 K) , but not in the brain (Fig. 2 L) of the lal Ϫ/Ϫ mice. There was a smaller elevation of synthesis in the liver of the npc1 Ϫ/Ϫ animals, and a decrease in the brain.
One of the constant features of these lysosomal storage diseases is the associated infiltration/activation of macrophages and microglia in many organs, and, in particular, in liver and brain Repa et al., 2007) . Thus, importantly, mRNA levels of the inflammatory markers CD68 and CD11c were markedly elevated in the liver of both the lal Ϫ/Ϫ and npc1 Ϫ/Ϫ mice ( Fig. 2 M, O) , whereas these markers of inflammation were elevated in the brain only of the npc1 Ϫ/Ϫ mice ( Fig. 2 N, P,R) . Together, these findings support the concept that systemic organs like the liver take up both C and CE carried in plasma lipoproteins, and, therefore, these tissues sequester CE or C when either LAL or NPC1 function, respectively, is deleted. In both cases, this accumulation of sterol in the late E/L compartment of hepato- Ϫ/Ϫ mice were administered varying doses of HP-␤-CD either subcutaneously (C) or intracerebroventricularly (D), and 24 h later, rates of cholesterol synthesis were measured in the liver (n ϭ 68) and brain (n ϭ 12). Sigmoid curves were fitted to these experimental data to yield the log 10 ED 50 values, and these were converted to the dose of cyclodextrin administered, either systemically or into the brain, that resulted in 50% inhibition of synthesis. E, F, The 49-d-old npc1 ϩ/ϩ and npc1 Ϫ/Ϫ animals (n ϭ 4 -6 in each group) were administered either a subcutaneous (4000 mg/kg) (E) or an intracerebroventricular (35 mg/kg) (F ) dose of HP-␤-CD, and 24 h later, the level of C and CE in the liver and brain of each animal was determined. G, H, Similarly treated groups of npc1 ϩ/ϩ and npc1 Ϫ/Ϫ animals (n ϭ 4 -6 in each group) were used to measure rates of fatty acid synthesis 24 h after administration of the HP-␤-CD. Significant differences ( p Ͻ 0.05) among groups are indicated by different letters.
cytes leads to hepatomegaly, inflammation, and liver function abnormalities. In contrast, only the npc1 Ϫ/Ϫ mice manifest changes in sterol metabolism and microglial activation in the brain, indicating that C, but not CE, is being taken up and used by cells of the CNS.
Histological appearance of brain in lal
؊/؊ and npc1 ؊/؊ mice This conclusion was supported by the histological findings observed in the brains of these 49-d-old mice. The control npc1 ϩ/ϩ /lal ϩ/ϩ mice exhibited normal neuronal morphology throughout the brain with appropriately distributed Nissl substance, as exemplified by the basal pontine neurons (Fig. 3A) . Cerebellar calbindin immunoreactivity was normally distributed within Purkinje cell perikarya and dendrites in the overlying molecular layer (Fig. 3B) , while GFAP immunostaining highlighted normal distribution of Bergmann glial cell processes in this same layer (Fig. 3C) . In animals lacking LAL function, histological findings were identical to those seen in control mice with normal neuronal morphology (Fig.  3D) , Purkinje cell calbindin reactivity (Fig. 3E) , and GFAP immunoreactivity (Fig. 3F ) . In contrast, there were marked abnormalities in these areas in the npc1 Ϫ/Ϫ mice. Neurons throughout the brain, including those in the basal pons (Fig. 3G) , contained abundant vesicular, cytoplasmic lipid collections (which stain for C) (Gondré-Lewis et al., 2003; Repa et al., 2007) . There was substantial Purkinje cell loss, manifested by a striking decrease in calbindin immunoreactivity in the molecular layer (Fig. 3H ) . Adjacent sections revealed irregular zones of increased GFAP immunoreactivity in the molecular layer, reflecting activation of Bergmann glia in the areas of Purkinje cell loss (Fig. 3I ) . Thus, these histological findings closely reflect the biochemical and mRNA findings in these same groups of animals, and are consistent with the conclusion that C is sequestered in neurons throughout the brain of the npc1 Ϫ/Ϫ mice, and, in some regions like the cerebellum, this accumulation is associated with marked neurodegeneration.
The cyclodextrin, HP-␤-CD, acutely overcomes the block in C export from the late E/L compartment of cells in the brain of npc1 ؊/؊ mice If this is the case, then uptake of HP-␤-CD into these neurons through bulk-phase endocytosis should acutely reverse the transport defect, allowing the sequestered C to flow into the metabolically active pool in the cytosol, as has been described in other tissues. This sudden expansion of the metabolically active cholesterol pool should be signaled by suppression of sterol synthesis, an increase in the level of CE, suppression of SREBP (sterol regulatory-binding protein) target genes, and activation of some liver X receptor (LXR)-controlled genes, as has been well documented in organs like liver, spleen, and other systemic tissues ( Fig. 1) (Liu et al., 2009 . However, HP-␤-CD administered systemically has very limited access to the CNS: when given systemically to 49-d-old mice, the ED 50 for HP-␤-CD acting in liver is ϳ200 mg/kg, but when acting in CNS is Ͼ100,000 mg/kg (Ramirez et al., 2011) . The second set of studies, therefore, was designed to characterize the physiological and biochemical effects of this cyclodextrin when given directly into the brain. Using both npc1 ϩ/ϩ and npc1 Ϫ/Ϫ mice, turnover of the cyclodextrin was slower when administered into the CNS than when administered systemically. Following a single subcutaneous, systemic injection (4000 mg/kg), HP-␤-CD was rapidly cleared from the body of the mouse into the urine with a t 1 ⁄2 of ϳ1.6 h (Fig. 4A) . However, following a single injection into the left lateral ventricle of the brain (40 mg/kg), the compound was cleared from the whole CNS with a t 1 ⁄2 of ϳ6.5 h (Fig. 4 B) . Of note, the mass of cyclodextrin administered in these two experiments was comparable after accounting for the differences in volumes of distribution in these two experiments, i.e., milligrams per kilogram per milliliter of bulk water (mg/ml), which was ϳ232 ml/kg ϩ/ϩ and npc1 Ϫ/Ϫ mice. Twenty-four hours later, the brains were removed and mRNA was extracted. A-E, The mRNA levels for SREBP2 and its target genes, HMG CoA RED, HMG CoA SYN, LDLR, and PCSK9, that control the rates of C acquisition and synthesis. F-H, mRNA levels for the genes ABCA1, ABCG1, and MYLIP that are controlled by the nuclear receptor, LXR. I, J, NPC2 and SOAT1, genes involved in cholesterol transport and esterification. K, L, SREBP1c and FAS, two genes controlling fatty acid synthesis. M-O, Genes involved in the hydroxylation or transport of C in the brain. P-T, Genes reflecting activation, proliferation, and cytokine production by microglia in the CNS. Means Ϯ 1 SEM (n ϭ 4 in each group) are shown.
after systemic administration but only ϳ4.0 ml/kg after intracerebroventricular dosing.
The most sensitive index of C flow into the cytosolic compartment is suppression of sterol synthesis (Liu et al., 2009) . As shown in Figure 4C , when npc1 Ϫ/Ϫ mice were administered systemic doses of HP-␤-CD that varied from 0 to 8000 mg/kg, there was nearly complete suppression of sterol synthesis at the higher doses 24 h later, and the ED 50 for this inhibition was ϳ188 mg/kg. When similar injections were performed in npc1 ϩ/ϩ mice, no inhibition of synthesis was seen since such animals have no abnormal pool of C sequestered in the E/L compartment of hepatocytes (data not shown). When the npc1 Ϫ/Ϫ mice were administered intracerebroventricular doses of HP-␤-CD that varied from 0 to 35 mg/kg, there was similar inhibition of sterol synthesis within the brain, and the ED 50 was ϳ0.5 mg/kg (Fig.  4 D) . When corrected for the different volumes of distribution, these two ED 50 values were similar (0.13-0.81 mg/ml or 0.1-0.6 mM) in liver and brain, suggesting that the effect of the cyclodextrin within the late E/L compartment in overcoming the transport defect was quantitatively similar in cells of systemic organs and CNS. Of note, unlike the liver (Fig. 4C) , in the brain, ϳ40% of sterol synthesis was not inhibited (Fig. 4 D) . This finding is similar to that seen in tissues like muscle and fat that take up essentially no lipoprotein sterol and, therefore, have no sequestered pool of C in the npc1 Ϫ/Ϫ mice to be released by cyclodextrin . Conceivably, in the brain, this fraction of sterol synthesis is occurring in a subset of cells that normally take up little or no C associated with apoE.
Another piece of evidence that this cyclodextrin administration acutely expanded the pool of sterol in the cytosol is the rapid conversion of some of this C to CE by the cytoplasmic enzyme,
SOAT1
(sterol-O-acyl transferase). Within 24 h of HP-␤-CD administration systemically, CE levels rose 13-fold in the liver (Fig. 4 E) , while after intracerebroventricular administration, CE levels in the brain increased 2.2-fold (Fig. 4 F) . Importantly, cyclodextrin administered intracerebroventricularly to npc1 ϩ/ϩ mice was without effect on CE levels. Furthermore, the administration of cyclodextrin had no affect on fatty acid synthesis, either in the liver or brain, of both the npc1 ϩ/ϩ and npc1 Ϫ/Ϫ animals ( Fig. 4G,H ) . The effect of HP-␤-CD was specific for C movement.
Expansion of the cytosolic pool of C alters expression of genes controlled by SREBP2 and LXR
Finally, flow of C into the metabolically active pool of cells after exposure to HP-␤-CD is also signaled by marked changes in relative mRNA expression of genes controlled by SREBP2 and LXR. Twentyfour hours after cyclodextrin administration, there was significant suppression of relative mRNA expression for SREBP2, 3-hydroxy-3-methyl-glutaryl (HMG) CoA reductase (RED), HMG CoA synthase (SYN), and low-density lipoprotein receptor (LDLR), but not of PCSK9 (proprotein convertase subtilisin/kexin type 9), in the npc1 Ϫ/Ϫ mice ( Fig. 5A-E) . Similarly, there were significant increases in mRNA levels for ABCA1 and ABCG1, but not for MYLIP (myosin regulatory light chain-interacting protein) ( Fig. 5F-H ) . Again, there was no effect of this treatment on mRNA levels in the npc1 ϩ/ϩ animals. Of note, HP-␤-CD administration to the npc1 Ϫ/Ϫ mice did not alter mRNA levels for NPC2 or SOAT1 (Fig. 5 I, J ) , or for the fatty acid synthesis-associated genes, SREBP1c and FAS (Fig. 5 K, L) . Importantly, mRNA expression of two sterol hydroxylases, CYP27A1 and CYP46A1, and of apoE, that conceivably might play a role in excretion of excess C from the brain, were unchanged by cyclodextrin administration (Fig. 5M-O) . Since the interval between the administration of the HP-␤-CD and measurement of these mRNA levels was only 24 h, there was partial reduction of expression of the cytokines, CD11c and TNF␣, but not yet of markers of glial cell number, CD68, CCL3, and GFAP (Fig. 5P-T ) . Together, these various observations provide unequivocal support for the conclusion that direct administration of HP-␤-CD into the brain of npc1 Ϫ/Ϫ mice acutely overcame the lysosomal export defect in cells within the CNS, and allowed the sequestered pool of C in these cells to rapidly flow into the cytosol for metabolism and excretion, as has been demonstrated in systemic organs (Liu et al., 2009 .
Regional effects and duration of action of HP-␤-CD administered into the brain
Two important issues remained concerning the biological effects of acute cyclodextrin administration into the CNS: these included the duration of action of this compound and whether or not the metabolic effects were seen throughout all regions of the brain. Following the single systemic (4000 mg/kg) or intracere- broventricular (35 mg/kg) administration of HP-␤-CD, sterol synthesis in both the liver and whole brain remained suppressed for Ͼ72 h (Fig. 6 A, B) and, in the CNS, was beginning to return toward normal only after 144 h. This prolonged suppression presumably reflected the expanded pool of CE in the cytosolic compartment of these cells that was slowly hydrolyzed by a neutral cholesteryl esterase.
Since the HP-␤-CD was injected into the lateral ventricle of the left cerebrum, the second question of importance was whether this agent diffused to other regions of the brain and affected C metabolism equally well. Using suppression of sterol synthesis as the measure of therapeutic response, rates of C synthesis were assessed 24 h after administration of either aCSF or HP-␤-CD (35 mg/kg) into the lateral ventricle of the left cerebrum. As is evident in Figure 6C , the cyclodextrin apparently reached all of the major anatomical regions of the brain, since relative suppression of sterol synthesis was essentially the same in the right cerebrum, cerebellum, and brainstem, as in the left cerebrum, where the HP-␤-CD was administered. Furthermore, the ED 50 values for each of these regions were also similar. Twenty-four hours after administration of varying doses of HP-␤-CD intracerebroventricularly, maximum suppression of sterol synthesis was essentially achieved at a dose of ϳ5 mg/kg in all four regions of the brain (Fig. 6 D) . Furthermore, the duration of action of HP-␤-CD was similar in the cerebral hemispheres, cerebellum, and brainstem, although loss of the therapeutic effect was apparently occurring earlier in the cerebellum than in the other regions (Fig. 6 E) .
Prevention of neurodegeneration by continuous infusion of HP-␤-CD into the CNS
Given the prolonged action of a single systemic dose of HP-␤-CD on sterol metabolism in liver (Fig. 6 A) , it is not surprising that weekly administration of this compound essentially normalizes C pools throughout the body and prevents liver dysfunction (Ramirez et al., 2011) . However, because of limited accessibility of HP-␤-CD to the brain, neurodegeneration is slowed, but not prevented, in animals treated in this manner. Given that the ED 50 for the therapeutic effect was ϳ0.5 mg/kg (Fig. 4 D) , and that the effect was seen throughout the CNS (Fig. 6C-E) , the possibility existed that continuous, combined systemic and intracerebroventricular administration of cyclodextrin might completely prevent the pathological consequences of this lysosomal transport defect in the brain, liver, and other organs. To this end, the third set of studies was undertaken in which groups of npc1 ϩ/ϩ and npc1 Ϫ/Ϫ mice were treated weekly with subcutaneous injections and, between 21 and 49 d of age, with continuous infusions into the lateral ventricle of the left cerebrum. As seen in Figure 7 , when control mice were infused with aCSF into the brain and given only saline systemically, neuronal morphology (Fig. 7A) , the distribution of Purkinje cells (Fig. 7B) , and the pattern of GFAP immunoreactivity (Fig. 7C) were normal. Importantly, when HP-␤-CD was administered to such npc1 ϩ/ϩ mice, both into the CNS (23 mg/kg each day) and systemically (4000 mg/kg every 7 d), neuronal and cerebellar morphology was also normal (Fig.  7D-F ) , and indistinguishable from that seen in control animals receiving only placebo treatment. Thus, there was no evidence of an untoward effect of the cyclodextrin in these control animals when given both systemically and as intracerebroventricular infusions.
When npc1 Ϫ/Ϫ mice were infused with aCSF into the brain and saline systemically, the expected, severe pathological findings were evident at 49 d of age. There were extensive, vesicular lipid collections in the cytosolic compartment of neuron perikarya (Fig. 7G) , marked loss of Purkinje cells in the cerebellum (Fig.  7H ) , and major activation of Bergmann glia in these areas of neurodegeneration (Fig. 7I ) . Such animals died spontaneously at ϳ88 d of age . However, when these mutant mice were treated systemically with weekly doses of HP-␤-CD (4000 mg/kg), but no cyclodextrin was infused into the brain, the loss of Purkinje cells was slowed (Fig. 7K ) , and the increase in GFAP immunoreactivity was partially blunted (Fig. 7L) . Such animals lived to ϳ150 d of age . Finally, however, when npc1 Ϫ/Ϫ mice received the HP-␤-CD both systemically and into the brain, the histology in all regions of the CNS was indistinguishable from that seen in the control mice. In particular, there were no vesicular collections of lipid in the nerve cells (Fig. 7M ) , and Purkinje cell morphology appeared to be fully preserved (Fig. 7 N, O) . Purkinje cell number was 98 Ϯ 3% 
in the npc1
Ϫ/Ϫ mice infused with HP-␤-CD, compared with the npc1 ϩ/ϩ animals, and body weights of these two groups were not different. Longevity has not yet been determined in mice treated continuously in this manner, since such animals remain clinically well.
Importantly, normalization of mRNA expression of genes controlled by SREBP2 and LXR also supports the conclusion that continuous intracerebroventricular infusion of HP-␤-CD had restored C flow through cells of the brain in these 49-d-old npc1 Ϫ/Ϫ mice. While acute administration of HP-␤-CD to such animals resulted in significant suppression of the mRNA expression of SREBP2, HMG CoA RED, HMG CoA SYN, and LDL, and increased the expression of ABCG1 (Fig. 5) , these effects disappeared in the mice receiving continuous therapy with cyclodextrin (Fig. 8, A-E) . In addition, the relative expression of the inflammatory factors CD68, CD11c, and CCL3 also nearly equaled those seen in npc1 ϩ/ϩ animals ( Fig. 8F-H) . Of note, there was histological evidence of persistent, mild inflammation along the tract of the infusion catheter leading into the left ventricle, even in these animals. This continuous infusion also apparently normalized C flow through cells of the CNS without elevating mRNA levels for NPC2, apoE, CYP27A1, or, particularly, CYP46A1 (Fig. 8I-L) . These mRNA levels in the npc1 Ϫ/Ϫ mice were essentially identical to those seen in the npc1 ϩ/ϩ control animals administered either aCSF or HP-␤-CD. Together, these histological and molecular findings are consistent with the conclusion that continuous cyclodextrin infusion into the CNS fully normalizes the flow of C through the late E/L compartment of neurons in the npc1 Ϫ/Ϫ mice, and prevents neurodegeneration.
Discussion
These studies provide direct support, in vivo, that the two models illustrated in Figure 1 accurately describe the critical differences in cholesterol metabolism in neurons of the CNS and cells of the remaining systemic tissues. Systemic organs like liver take up plasma lipoproteins containing both C and CE and, so, require both LAL (Fig. 1 Aa) to hydrolyze the sterol esters and NPC1 (c) to move the liberated C to the site of exit (d) from the late E/L compartment. In the normal adult mouse on a low-cholesterol diet, the amount of C and CE passing through this pathway each day in all cells of the systemic compartment equals ϳ140 mg/kg of body weight (Dietschy, 2009) . Inactivation of either of these proteins leads to massive sequestration of C or CE in the liver, marked hepatomegaly, and hepatocyte damage (Fig. 2) . In contrast, cells of the CNS compartment apparently take up only C, presumably complexed to apoE (Fig. 1 B) (Mauch et al., 2001; Hayashi et al., 2004) . In the normal mouse, the amount of sterol flowing through this pathway each day equals ϳ1.4 mg/kg of body weight, and this is excreted from the CNS into the plasma either as 24( S)-hydroxycholesterol (65%, Fig. 1 Bm) or, presumably, as C (35%, Fig. 1 Bl ) . Similar net excretion of 24( S)-hydroxycholesterol from the brain of humans also has been reported (Lütjohann et al., 1996) . Therefore, C is sequestered in neurons when NPC1 is mutated, but not when the activity of LAL is lost. As a result, the npc1 Ϫ/Ϫ mice, but not the lal Ϫ/Ϫ animals, manifest changes in brain biochemistry and markers of inflammation (Fig. 2) , as well as C sequestration in neurons and severe neurodegeneration, particularly in the cerebellum (Fig. 3) .
If this sequestration of sterol is causally related to the death of cells in both the systemic and CNS compartments, then manipulation of the amount of C or CE that accumulates should alter the level of organ damage. Insofar as data are available, this is the case. When the amount of cholesterol reaching the liver is either reduced or increased, there is either less or more sterol sequestered, and, correspondingly, there is either less or more severe liver cell damage (Beltroy et al., 2007) . Similarly, enhancing loss of sterol from the CNS compartment by activating the liver X receptor system leads to less C sequestration in neurons, a reduction in microglial activation and markers of inflammation, and a corresponding reduction in the level of neurodegeneration (Repa et al., 2007) . Unfortunately, however, it is impossible to totally block cholesterol uptake into cells, and in the brain, such a manipulation, even if available, would presumably be deleterious since neurons require this exogenous, glial-derived supply of C to promote axon growth and synapse formation ( ϩ/ϩ and npc1 Ϫ/Ϫ (n ϭ 3 in each group) mice were given systemic, subcutaneous injections of either saline or HP-␤-CD (4000 mg/kg) every 7 d (beginning at 7 d of age) along with the continuous intracerebroventricular infusion of either aCSF or HP-␤-CD (27 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) (between 21 and 49 d of age). All mice were killed for determination of mRNA levels at 49 d of age. The various mRNAs measured in this study correspond to those previously evaluated in mice receiving a single dose of HP-␤-CD (Fig. 5) .
onstrated that HP-␤-CD is able to overcome the transport defect in nearly all tissues throughout the systemic compartment of npc1 Ϫ/Ϫ mice, restoring flow of C through the late E/L compartment of these cells to the normal rate of ϳ140 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 (Liu et al., 2009; Liu et al., 2010) . Virtually every cell continuously takes up solute molecules and bulk water from the pericellular fluid by the processes of receptor-mediated and bulk-phase endocytosis. These vesicles move to the late E/L compartment where some of the solutes may be metabolized while the bulk-phase water cycles back to the pericellular fluid compartment. Thus, any solute molecule, like sucrose, inulin, dextrin, or cyclodextrin, that is heavily hydrogenbonded into the bulk-phase water is carried into the late E/L compartment Rosenbaum et al., 2010) . When NPC1 is mutated, this late E/L compartment is transformed into a complex vesicular structure containing large amounts of C and other amphipathic lipids like sphingomyelin, complex gangliosides, and bis(monoacylglycerol)phosphate (Gondré-Lewis et al., 2003; Chevallier et al., 2008; . The volume of bulk water in this compartment, i.e., the sucrose space, is doubled in size (Neufeld et al., 1999) , and its fractional recycling rate back to the pericellular fluid is reduced by half (Neufeld et al., 1999; Goldman and Krise, 2010) . As a consequence, the absolute rate of bulk water flow into and out of the E/L compartment is unchanged and, in the liver and other systemic organs, equals ϳ10 l ⅐ h Ϫ1 ⅐ g Ϫ1 of tissue . Thus, any molecule like HP-␤-CD present in the pericellular fluid will be cycled through the E/L compartment at a concentration essentially equal to that in the extracellular fluid compartment. These and previous studies indicate that the concentration of HP-␤-CD necessary to effectively reverse the transport defect in cells of either the systemic or CNS compartments is Ͻ1 mM and, likely, is in the range of only 100 -400 M .
When given systemically, HP-␤-CD crosses the blood-brain barrier at only very low rates in mature animals. Based on relative ED 50 values, the rate of penetration of this molecule from the plasma to the brain extracellular space is Ͻ0.2% of its rate of movement from the plasma to the liver pericellular bulk water (Ramirez et al., 2011) . Nevertheless, when given systemically, HP-␤-CD does partially slow the rate of cerebellar neurodegeneration ( Fig. 7K ) (Davidson et al., 2009; Ramirez et al., 2010) . However, the current studies reveal that the cyclodextrin is far more effective in reversing the lysosomal transport defect when delivered directly into the brain. While systemically delivered HP-␤-CD becomes distributed into an extracellular volume of ϳ232 ml/kg, when delivered into the CNS, it enters an extracellular space of only ϳ4 ml/kg (Johanson et al., 2008; Syková and Nicholson, 2008) . Since molecules the size of HP-␤-CD readily move through the extracellular fluid of the brain with diffusion coefficients of ϳ2 ϫ 10 Ϫ6 cm 2 /s (Syková and Nicholson, 2008; Thorne et al., 2008) , they presumably reach the pericellular fluid surrounding every glial cell and neuron, and are available for uptake through bulk-phase endocytosis.
Thus, 24 h after the acute intracerebroventricular administration of this compound there is suppression of cholesterol synthesis and an increase in CE formation (Fig. 4 D, F ) , suppression of many SREBP2 target genes (Fig. 5A-D) , and activation of several LXR-controlled genes (Fig. 5 F, G) . These metabolic and molecular changes are seen in all regions of the brain, even in those remote from the site of administration (Fig. 6C) . These findings are identical to those seen in liver following systemic HP-␤-CD administration, and provide unequivocal support for the concept that this compound overcomes the transport defect in the late E/L compartment of cells of the brain in the npc1 Ϫ/Ϫ mice. The C sequestered in the late E/L compartment of these cells has flowed into the metabolically active pool in the cytosolic compartment and activated the appropriate metabolic and regulatory responses. No such responses are seen in the npc1 ϩ/ϩ animals since the pool of C in the lysosomal membranes of these mice normally is kept very low when NPC1 is functioning (Figs. 4, 5) (Möbius et al., 2003) . As the concentration of HP-␤-CD is presumably low in the bulk-phase water of the late E/L compartment, and as other cyclodextrins incapable of solubilizing cholesterol can still overcome this transport defect, it has been postulated that the HP-␤-CD exerts its therapeutic effect by interacting with C at the membrane interface, partially lifting the sterol out of the bilayer and facilitating its rate of lateral diffusion toward the exit site (Ramirez et al., 2011) .
Regardless of the mechanism of action, however, it is clear that in the presence of HP-␤-CD, C flow through the late E/L compartment of cells in the systemic organs ) and brain is restored to normal, even though NPC1 is nonfunctional. In the brain there are no longer vesicular lipid accumulations in neurons (Fig. 7M ) , no changes in mRNA levels of genes controlled by SREBP and LXR (Fig. 8) , and no histological evidence of neurodegeneration, particularly in the cerebellum (Fig.  7 N, O) , of the npc1 Ϫ/Ϫ mice. Apparently, the presence of the HP-␤-CD has restored normal C flux through the cells of the CNS in the mutant mice, a conclusion further supported by the normal mRNA expression of apoE and CYP46A1 (Fig. 8) , proteins that could conceivably be involved in the net movement of C out of the CNS and into the plasma.
Finally, since cyclodextrins are apparently nontoxic, and have been given to humans, these findings raise the possibility that such compounds might be useful therapeutically in ameliorating or preventing human NPC disease, including both the hepatic dysfunction and neurodegeneration. As the ED 50 values for these compounds are known, and as the relative differences in C uptake into cells of the systemic and CNS compartments in humans and mice are published, it should be possible to formulate reasonable protocols for the effective, chronic therapy of this serious lysosomal storage disease. Unfortunately, however, at this time, the critical experiments to show that cyclodextrins actually reverse the transport defect in human NPC disease, as they do in the npc1 Ϫ/Ϫ mouse, have not yet been done.
